Abstract. The present study is dedicated to high energy x-ray diffraction measurements of residual stress at bone-implant interfaces. Bone regeneration is different from soft tissue repair as scar formation never occurs and as de novo bone tissue is produced with proliferation and differentiation of mesenchymal cells. To start the bone remodelling, the stress -the most important mechanical factor -should stimulate the osteocytes. Osseointegration is also observed with non-functional implants, in particular with dental implants. This means that a stress similar to a residual stress must exist.
Introduction
Sprayed hydroxyapatite (HA) coatings on Ti-6Al-4V alloy substrate have shown a great advance in implantology. Indeed, Ti-6Al-4V has good mechanical properties, and is biocompatible. HA has low mechanical strength but it enhances osseointegration. The combination of these two components on an implant offers both good osseointegration and mechanical properties. To improve bone regeneration the surface of the substrate has to be rough to increase the contact surface between the bone and the implant (roughness of about 1μm). The nature and the roughness of the implant surface, obtained by sand blasting, shot peening, or even with nanotechnology [1] , have a great influence on crystallinity and texture of the remodelled bone. This process induces residual surface stresses which can cause failures, often at the interface Ti-6Al-4V / HA [2] . Sprayed nanosized HA powder agglomerates into spherical microsized granules resulting in a nanostructured coating, thus improving the bone remodelling process [3] . The obtained coating is partially amorphous, which is not favourable for bone remodelling. Investigations about the effect of texture on bone reconstitution have revealed that coatings with nano-HA are superior for bone attachment because of the high number of nanosized HA crystallites. The amorphous fraction, can be reduced with a heat treatment [4] , thus creating more nucleation sites for bone reconstitution.
Measuring stress at the bone implant interface is an essential part of implantology because the loading on the implant influences the crystallites orientation [5] . The experimental techniques dedicated to the evaluation of residual stresses at the interfaces and in the bulk of materials have been improved. Furthermore, new numerical methods have been developed to analyse data from non-destructive in depth stress measurements in these areas [6] . Synchrotron X-rays provide a better spatial resolution than neutrons, enabling stress measurement in very thin layers, down to 0.5µm [7] . In this work the effect of stress on bone remodelling will be investigated based on high energy Xray diffraction. A synchrotron beam was essential to make measurements near the interface since it offers a sufficient resolution.
Materials and Methods
A nano-hydroxyapatite double side coated 20x11x2mm Ti-4Al-6V plate was implanted in a sheep's tibia. The sacrifice occurred three months after implantation. Both operations had been done by certified laboratories according to ethic agreement. The experiment was carried out in ID15A at the ESRF (European Synchrotron Radiation Facility) using energy dispersive diffraction. The high energy X-ray diffraction patterns at horizontal and vertical planes are collected by two solid state germanium detectors. The d-spacing dhkl of each reflection was derived from the position in energy, E, at the diffraction patterns (Figure 3 ), which were recorded at fixed diffraction angle 2, using Bragg's law :
where h is the Planck's constant and c is the speed of light.
The scattering gauge volume is defined by the intersection of the primary and secondary beams defined by the entrance, collimation and detector slits as shown in Figure 1 . The cross section of the incident beam was fixed to 0.1x0.1mm. The collimator and detector slit openings in the scattering plane were set to 0.1mm. The axial opening was limited by the detector window height: 8mm. The diffraction angle was fixed to 2θ=5º. Due to the small scattering angle the gauge volume is strongly elongated along the direction perpendicular to the momentum transfer ( Figure 1 ). This limits the spatial resolution parallel to the implant surface. A radioactive 133Ba source was used to calibrate the detectors.
A complete modelling of the instrument [7] , using a ray tracing Monte Carlo simulation method, was developed to define the true observed volume of each acquisition. This model allows also correcting any optical aberration of the measurements and it includes the absorption of the radiation by the matter. The first experiment of our study, presented here, just shows the possibility of stress measurements at interfaces and is a more a qualitative than quantitative analysis.
The sample was positioned in a clamp and held by a screw on its bottom part. The bone-implant interface was put horizontally to get two diffraction directions in the interface plane and one direction perpendicular to the interface plane with a simple rotation around z-axis (Figure 2 ). During the first part of the experiment two diffraction directions were measured and then the sample was turned counter clockwise by 90 degrees around z axis to measure another component along the interface. Figure 2 : mounting of the sample One common diffraction direction (on z axis) in the two configurations could thus be used as a common reference measured by the detector in the vertical plane. 20 points were measured in both configurations, evenly and symmetrically distributed from 0 to 1 mm from the interface. One point was also acquired far from the interface (3mm) to have a d0 reference. Figure 3 shows an example of diffraction pattern obtained in our experiment. In order to run a Rietveld refinement, the diffraction patterns obtained in energy space were converted to 2θ-space via Q-space. The inherent approximation of the conversion from Q-space to 2θ-space is the calculation of a mean energy to define a wavelength. Subsequently the stresses were calculated using ISO/TTA3 standard: Polycrystalline materials -Determination of residual stresses by neutron diffraction. A deformation parameter is defined by
, where the stresses in crystalline phase were determined by following formulae:
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where E is the Young's modulus of the bone. It is clear from the diffraction data, that a fraction of the hydroxyapatite remains amorphous. The crystallised fraction was evaluated using TOPAS software. It appeared to be nearly constant over the acquitted points and was estimated to be about 80%. The effects of texture, also, are not well determined since the measurements have only been carried out in two directions. The calculated stresses are represented in the following graphs. The points at 0.2 and 0.4mm in the figure 5 have been removed because they were aberrant (values physically incoherent). The crystallised fraction has been evaluated using TOPAS. The effects of texture are not well determined since the measurements have been done only in two directions. The mean cristallinity over the two directions appears to be nearly constant at 76%.
Results and Discussions
The curves on figures 4 and 5 show that the stresses are weak and vary moderately. This result is expected since the highest stress gradient may be located very close to the interface. The chosen spatial resolution did however not yet allow us to observe this evolution more precisely. We note that the stress component σyy shows a stronger variation than σxx one. Since bone is a porous material, there are non-uniformly distributed internal cavities over the measured areas. This effect is more visible when measuring on y axis since it has required the beam to cross the entire sample. A micro tomography experiment is a necessary complement to correct the data, and would allow observing the texture of the sample at the interface.
Conclusions:
The experimental results are coherent with the theory and we have seen that the measured stress at the bone-implant interface is possible by means of high energy x-ray diffraction. A texture study might allow revealing a relation between crystallinity and stress at the bone-implant interface.
